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a b s t r a c t

In this study, the influence of ωiso precipitates on the active deformation mechanisms and the mechanical 
properties of the biomedical β-type Ti-40Nb alloy are revealed. Low temperature heat treatments (aging) at 
573 K for durations up to 108.0 ks were carried out for a cold-rolled and recrystallized sample state. After an 
aging time of 3.6 ks the ωiso phase was determined by means of synchrotron XRD and the fraction and the 
crystallite size of ωiso increased progressively with increasing aging time. Due to the high intrinsic Young’s 
modulus of the ωiso phase, the Young’s modulus increased gradually with the aging time from 63 GPa, for 
the recrystallized reference condition, to values of 70 GPa (3.6 ks), 73 GPa (14.4 ks), 81 GPa (28.8 ks) and 
96 GPa (108.0 ks). Depending on the aging time, also a change of the active deformation mechanisms 
occurred, resulting in significantly altered mechanical properties. For the single β-phase reference micro-
structure, stress-induced martensite (SIM) formation, {332} 113 twinning and dislocation slip were ob-
served under tensile loading, resulting in a low 0.2% proof stress of around 315 MPa but a high elongation at 
fracture of 26.2%. With increasing aging time, SIM formation and mechanical twinning are progressively 
hindered under tensile loading. SIM formation could not be detected for samples aged longer than 3.6 ks. 
The amount and thickness of deformation twins is clearly reduced with increasing aging time and for 
samples aged longer than 14.4 ks deformation twinning is completely suppressed. As a result of the changed 
deformation mechanisms and the increase of the critical stress for slip caused by ωiso, the 0.2% proof stress 
of the aged samples increased gradually from 410 MPa (3.6 ks) to around 910 MPa (108.0 ks). With regard to 
application as new bone implant material, a balanced ratio of a low Young’s modulus of E = 73 GPa and 
higher 0.2% proof stress of 640 MPa was achieved after an aging time of 14.4 ks.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

New β-type Ti-Nb alloys show great potential to become the next 
generation of materials for load-bearing implants, as they offer 
several advantages compared to the established alloys, such as 
stainless steel, Co-Cr and α + β Ti alloys [1,2]. For example, β-type Ti- 
Nb alloys exhibit remarkable low Young’s modulus values in the 
range of only 60–65 GPa in solution-treated condition [3]. This 
provides an opportunity to reduce stress shielding effects which are 
presently caused by the large mismatch of the Young’s modulus 
values of clinically used metallic implant materials (100–230 GPa) 
and of cortical bone (10–30 GPa) [4]. The strong surface passivation 
ability of β-type Ti-Nb alloys in bio-fluids results in an excellent 

corrosion resistance and very low metal release rates which in 
consequence, supports bone cell activity [5,6].

However, a current drawback of different kinds of β-type Ti-Nb- 
based alloys is their only moderate static and cyclic strength in the 
solution-treated state compared to Ti-6Al-4 V, the current bench-
mark Ti alloy for load bearing bone implants [7–9]. In order to in-
crease the strength of this new alloy class while retaining a low 
Young’s modulus, different thermomechanical processing strategies 
have been extensively studied. The influence of various hardening 
mechanisms, e.g., work hardening, precipitation hardening, or grain 
boundary strengthening have been investigated [3,8,10–16]. These 
processing strategies can include hot and/or cold deformation such 
as rolling or swaging combined with aging heat treatments to pre-
cipitate the α and/or ω phase as well as with solution or re-
crystallization annealing. Several studies showed that the static 
strength of β-type Ti-Nb-based alloys (Ti-29Nb-13Ta-4.6Zr, Ti-40Nb, 
Ti-45Nb) can be significantly increased (up to around 900 MPa yield 
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strength) by work hardening, e.g., cold rolling [3,12,16–18]. However, 
work hardening was found to be ineffective for increasing the fatigue 
strength, and is therefore, not suitable to improve the overall me-
chanical properties of β-type Ti-Nb-based alloys [13,15,16]. Grain 
boundary hardening by grain refinement is also an appropriate 
method to enhance the strength of β-type Ti-Nb alloys without al-
tering their Young’s modulus, but until now by this approach only 
moderate yield strength levels of 300–500 MPa could be 
reached [3,8,19].

In conclusion, the generation of α or ω precipitates in solution- 
treated or deformed β-type Ti alloy states appears to be the only 
promising approach to obtain static and fatigue strength values 
which reach the high level of those of Ti-6Al-4 V (yield strength ≈ 
860–960 MPa, fatigue strength ≈ 550 MPa) [12,14,19–22].

However, the α and the ω phase have significantly higher in-
trinsic Young’s moduli (E(ω) ≈ 153 GPa, E(α) ≈ 115 GPa [23]) than 
the β phase (E(β) ≈ 60–65 GPa[3,4]). Therefore, an increase of their 
fraction in the microstructure leads to an increased Young’s 
modulus of the alloy. In order to keep this value as low as possible 
while increasing the strength, aging treatments must be in detail 
defined regarding suitable aging temperature and/or time. Al-
though the ω phase has a higher Young’s modulus than the α 
phase, nano-sized ω precipitates were found to be more appro-
priate as they can lead to strong precipitation hardening in β-type 
Ti-Nb-based alloys, like Ti-29Nb-13Ta-4.6Zr, even at low volume 
fractions [10,16]. The ω phase has a trigonal or hexagonal lattice 
structure, depending on the solute content of the β-type alloy, and 
can form during quenching from the β phase field (athermal ω) or 
during isothermal heat treatment at low temperatures (iso-
thermal ω; ωiso) [24].

Precipitates of ωiso not only introduce precipitation hardening, 
but can also alter the active deformation mechanisms of β-type Ti- 
based alloys. For β-type Ti-based alloys various deformation me-
chanisms have been observed [25], including {332} and {112} 
twinning [26–31], stress- or deformation-induced phase transfor-
mations (e.g., β → α’’, β → ω) [17,32–36], as well as dislocation slip. 
The activated deformation mechanisms depend mainly on the che-
mical composition of the β-type Ti alloy, but also on the processing 
history [37,38].

Various authors [39–43] showed for selected β-type Ti alloys (Ti- 
15Mo, Ti-20Mo, Ti-7Mo-3Cr-1Fe, Ti–12 V–2Fe–1Al, Ti-36Nb) that ωiso 

precipitates can change the active deformation mode from 
{332} <  113  >  twinning to dislocation slip. Furthermore, the sup-
pression of stress induced martensite (SIM) formation by ωiso was 
observed in several studies [8,11,37,38]. Until now, the reason for this 
behavior is not fully understood. Some studies conducted for Ti- 
12Mo and Ti-26Nb (at%) attribute the change of the deformation 
modes to the rejection of β-stabilizing elements from the ωiso pre-
cipitates. This leads to an enrichment of β-stabilizing elements in the 
surrounding β matrix of the alloys resulting in an enhanced β phase 
stability [38,44]. On the other hand, Lai et al. [37] and Xiao et al. [41]
revealed for Ti-25 Nb-0.7Ta-2Zr and Ti–12 V–2Fe–1Al that ωiso pre-
cipitates are strong obstacles for {110} <  110  > β shear, which is in-
volved in the {332} <  113  >  twinning and the SIM formation. Thus, 
densely distributed ωiso precipitates suppress a long-range marten-
sitic transformation and deformation twinning. A similar me-
chanism has also been proposed for oxygen added β-type Ti alloys 
(like Ti-(23−26)Nb-1 O (at%), Ti-29Nb-13Ta-4.6Zr-0.7 O, Ti–(21−25) 
Nb–2Zr–0.7Ta-(0.1–1.8)O (at%)), where the long-range martensite 
formation is suppressed by nano-sized lattice modulations induced 
by interstitial oxygen atoms [33,45–47]. Furthermore, the presence 
of ωiso precipitates in the microstructure of β-type Ti-based alloys, 
like Ti–25Nb–0.7Ta–2Zr (at%), Ti–23Nb–0.7Ta–2Zr–O (at%), Ti-9Mo- 
5.4Al-1.6Nb-0.3Si (at%) and Ti-(12,15)Mo, leads to a localization of 
the plastic flow in deformation bands which are depleted of ωiso 

precipitates [8,37,38,48,49,50]. In these so-called dislocation 

channels, ωiso precipitates are dissolved because of dislocation 
movement through these ωiso precipitates.

The current study aims to analyze the suitability of ωiso pre-
cipitation hardening to improve the mechanical properties of the 
biomedical β-type Ti-40Nb alloy. The starting point was a re-
crystallized sample state, which in our previous studies was ob-
tained by hot/cold rolling and subsequent recrystallization annealing 
[3,8,51]. It was identified as being most suitable for further studies 
because in this state the Ti-40Nb alloy exhibits the best compromise 
between a low Young’s modulus (∼60 GPa) and a moderate ultimate 
tensile strength (∼500 MPa) owing to a single β-phase, grain refined 
microstructure [3]. According to the equilibrium α-ß diagram and 
the metastable ω-ß phase diagram [52] of the Ti-Nb system and the 
experimental findings of Moffat und Larbalestier [53] a temperature 
of 573 K was selected for the ωiso aging heat treatment to ensure the 
formation of a β + ω microstructure. The impact of the aging time on 
the evolving microstructures and in consequence, on the tensile test 
performance and on the active deformation mechanism is presented 
and discussed.

2. Materials and methods

2.1. Alloy processing

A binary Ti-40Nb (wt%) alloy was produced from pure elements 
CP2-Ti (99.7%) and Nb (99.9%) by a two-step casting process. First, 
ingots were prepared by arc-melting under Ar atmosphere and re- 
melted three times to ensure a high chemical homogeneity. In the 
second step, a cold crucible device was used to re-melt the ingots by 
induction heating and cast them to a rod with a diameter of 12 mm 
and a length of around 100 mm. The rod was enclosed in a fused 
silica tube under Ar atmosphere and then subjected to solution 
treatment at 1273 K for 86.4 ks, followed by quenching into water, 
aiming to obtain a single ß-type sample state. The chemical com-
position of the samples was determined as 59.6Ti-40.4Nb by in-
ductively coupled plasma optical emission spectrometry (ICP-OES). 
Further details of the sample preparation and characterization have 
been described previously [3,51,54].

Cold rolling was performed with a thickness reduction of 20% per 
rolling pass. After a total thickness reduction of 74%, recrystallization 
annealing was carried out at 1073 K for 1.2 ks under Ar atmosphere 
followed by water quenching. Cold rolling was continued until a 
total thickness reduction of 93% was reached. The final sheet 
(thickness = 0.8 mm) was recrystallized at 1073 K for 1.2 ks and 
quenched into water. This sample state will be denoted as “RC” 
(recrystallized) hereafter.

Subsequently, ωiso aging heat treatments were carried out at 
573 K for holding times of 3.6 ks, 14.4 ks, 28.8 ks and 108.0 ks. 
Therefore, samples with a length of around 50 mm were cut from the 
recrystallized sheet. To minimize the uptake of interstitial elements 
such as oxygen and nitrogen, samples were sealed in fused silica 
tubes under Ar atmosphere. After the ωiso aging heat treatments, 
rapid cooling was conducted by water quenching. The oxygen and 
nitrogen content of the samples was analyzed by carrier gas hot 
extraction (LECO TC-436DR). For the recrystallized sample (RC), an O 
content of 0.0752 wt% and a N content of 0.018 wt% was determined. 
Similar values were measured after the different aging treatments 
with a maximum deviation of 0.006 wt% for O and 0.003 wt% for N.

The aged samples will be denoted by their aging time as A3.6 
(t = 3.6 ks), A14.4 (t = 14.4 ks), A28.8 (t = 28.8 ks) and A108.0 
(t = 108.0 ks), respectively.

2.2. Microstructural and mechanical characterization

Specimens for microstructural investigations were mechanically 
ground using SiC emery paper (P400 – P2500). For the final polishing 
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step, a solution of colloidal SiO2 (90 vol%) and H2O2 (10 vol%) was 
used. Scanning electron microscope (SEM) imaging and electron 
backscatter diffraction (EBSD) analysis was carried out with a Zeiss 
Leo Gemini 1530 equipped with an EBSD system (Bruker e-FlashHR). 
Analyses were performed on longitudinal cross sections of the 
samples in the initial state and after tensile tests. For the evaluation 
of EBSD measurements and the texture analysis, the open-source 
toolbox MTEX (v.5.0.1) [55] was used. Site-specific transmission 
electron microscopy (TEM) lamellae around 80 nm thick were pre-
pared from A108.0 ample states using the focused ion beam (FIB) 
Helios 5 CX on a Cu grid. The lamellae were subjected to low-kV 
cleaning to remove any Ga contamination. Transmission electron 
microscopy was carried out in a Philips Tecnai F20 (TEM, 200 kV) 
using a double-tilt holder. Post-processing of the diffraction data was 
performed using the SingleCrystal software (version 4.0).

Uniaxial tensile tests were carried out using an Instron 5869 
device with a cross head velocity of 0.045 mm/min. Flat bar tension 
specimens with 0.8 mm thickness, 2 mm width and with a gauge 
length of 8 mm were cut by means of electro-discharge machining. 
The tensile axis of the specimens was parallel to the rolling direction 
(RD) of the sheet. The strain was recorded with a laser extensometer 
(Fiedler Optoelektronik). For each sample state at least three sam-
ples were tested. Selected tensile test samples were analyzed by SEM 
and EBSD after fracture.

Synchrotron X-ray diffraction experiments (SXRD) were per-
formed at the High Energy Materials Science (HEMS) beamline [56]
at PETRA III (Deutsches Elektronen-Synchrotron, DESY) for un-
deformed sample states and for tensile tested samples in the area of 
the fracture tip. The experiments were conducted using an X-ray 
beam with an energy of 103.978 keV, collimated to a size of 
500 × 500 µm2. Diffraction Patterns were collected with a flat panel 
detector (XRD 1622, PerkinElmer) at a sample to detector distance of 
1683 mm. A LaB6 powder specimen was measured for calibration 
purpose. Quantitative phase analysis of the diffraction patterns was 
performed with the Rietveld method using the software MAUD 
(version 2.993) [57]. The structure model for the β phase was de-
scribed by a cubic space group Im-3m [58], for the ω phase with a 
hexagonal space group P6/mmm [59] and the α’’ phase was described 
by the orthorhombic space group Cmcm [60].

3. Results

3.1. Microstructure of the recrystallized and aged sample states

In the course of this study, the cold-rolled and recrystallized state 
(RC) was considered as reference state in the analysis of the effect of 
further ωiso aging heat treatment (A states) at 573 K for different 
durations.

Results regarding the microstructure and texture of Ti-40Nb in 
the RC state are shown in Fig. 1. The EBSD measurements perpen-
dicular to the rolling direction (RD) as well as to the normal direction 
(ND) reveal a complete recrystallized microstructure with equiaxed 
grains. The mean equivalent diameter of the grains is determined as 
d = 24.6 µm  ±  0.6 µm. The inverse pole figure color coding of the 
EBSD maps already shows the existence of a crystallographic texture 
after the recrystallization annealing. For a detailed description of the 
texture, the orientation density function (ODF) is calculated based 
on three measurements and the phi2 = 45° section of the ODF is 
given in Fig. 1(b). A clear γ-fiber ({111} || ND) and α-fiber (< 111  > || 
RD) are observed. Both fiber textures are typical recrystallization 
textures of β-type Ti alloys after flat rolling and subsequent re-
crystallization annealing [61,62]. For the ωiso aged (A) sample states 
no changes concerning the average grain size or texture were ob-
served even after the longest aging time of 108.0 ks.

To study the phase composition of the RC sample and of the 
samples after the additional ωiso aging heat treatments, SXRD mea-
surements were carried out and are shown in Fig. 2. For the RC state 
only reflexes corresponding to the β phase can be identified. After an 
aging time of 3.6 ks (sample state A3.6) an additional reflex at 
around 5.65° appears, which can be assigned to diffraction at 
the [11-22]- and [3031]-planes of the ωiso phase. With increasing 
aging time, the intensity of this reflex increases and additional re-
flexes belonging to the ωiso phase become apparent (marked by red 
dots in Fig. 2). For the investigated aging times of up to 108 ks 
(sample A108.0), no reflexes belonging to additional phases like the 
α phase are detected. This is in accordance with early observations of 
Moffat and Larbalestier [53].

Quantitative phase analysis of the diffraction patterns was car-
ried out using the Rietveld method and phase fraction and mean 
crystallite size of the ω phase are summarized in Table 1. With in-
creasing aging time, the ω phase fraction increases from around 
10 wt% (A3.6) to around 30 wt% (A108.0). This increase is accom-
panied by a growth of the ω crystallites from around 5 nm (A3.6) to 
around 13 nm (A108.0).

The single β-type microstructure of the RC state was also con-
firmed by TEM analysis. A typical bright-field TEM image and the 
corresponding selected area electron diffraction pattern (SAED) of 
the RC state are shown in Fig. 3(a). The SAED patterns can be indexed 
as a bcc β-phase and no secondary phase could be detected. The 
results of the SXRD and SAED analyses did not reveal the presence of 
any secondary phases such as ω phase or α″ martensite before the 
aging treatment. A dark field TEM image of the Ti-40Nb sample aged 
for 108.0 ks is shown in Fig. 3(b) together with the corresponding 
SAED as inset. It is seen that ωiso precipitates (bright phase) are 
densely and homogeneously distributed in the β phase matrix. After 
an aging time of 108.0 ks, the precipitates have dimensions of 

Fig. 1. Microstructure of RC state obtained from EBSD measurements. (a) Crystallographic orientation maps taken perpendicular to the RD and the ND. (b) Texture in terms of ODF 
phi2 = 45° section.
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around 15 nm and below. This emphasizes the sluggish ωiso pre-
cipitation process that is caused by the fact that the solute diffusion 
of Nb in Ti, decreases exponentially with the Nb content in β-type Ti- 
Nb alloys [52,53]. In the SAED pattern, typical diffraction spots are 
visible at the 1/3 and 2/3 {112}β reflection positions of the β matrix, 
indicating the hexagonal crystal structure of the ωiso phase and the 
orientation relationships of [011] [1210] and 
(111) (0001) [8,43].

3.2. Mechanical properties

Selected engineering tensile stress-strain curves of Ti-40Nb 
samples in the RC state and after different aging times at 573 K (A 
states) are depicted in Fig. 4. Here, a magnified view of the linear 
region is given in Fig. 4(a) together with a visualization of the ex-
trapolated linear elastic regions of the different sample states (red 
dashed lines).

The stress-strain curve of RC shows a characteristic double 
yielding behavior that is provoked by the stress induced transfor-
mation of the metastable β phase into the martensitic α’’ phase 
[3,37,51,63]. In the curve progression, the first yield point can be 
associated with the beginning of the SIM formation, which leads to a 
deviation from the linear elastic behavior once the critical stress for 
the martensite formation is reached [64]. The second yield point 
correlates with the beginning of the plastic deformation of the β 
phase and the previously formed α’’ phase [65]. The precipitation of 
the ωiso phase during the aging treatment has a clear influence on 
the curve progression and on the mechanical behavior of the Ti- 
40Nb alloy. With increasing aging time (A3.6 to A108.0), the pro-
nounced double yielding behavior observed for the RC state devolves 
progressively into a complete linear elastic behavior for A108.0. 
Furthermore, a clear transition from a continuous to a discontinuous 
yielding behavior takes place with increasing aging time.

The mean values of the mechanical properties of the different 
aging states, derived from at least three tensile tests per state, are 
summarized in Fig. 5 together with the standard deviation.

In the RC condition, with a single ß phase microstructure, Ti- 
40Nb shows a 0.2% proof stress of about 315 MPa and an ultimate 
tensile strength (UTS) of around 500 MPa. The low 0.2% proof stress 
can be attributed to the low stress level that is needed for the in-
itiation of the SIM formation [19]. The formed ωiso precipitates lead 
to a gradual increase of the 0.2% proof stress and the UTS with in-
creasing aging time. The UTS shows a nearly logarithmic dependence 
on the aging time. For the sample state A3.6, the 0.2% proof stress 
and UTS is increased by around 100 MPa to 410 MPa and 615MPa 
compared to RC. In contrast, for state A108.0 a significantly increased 
0.2% proof stress and UTS of around 900 MPa is reached. This cor-
responds to an increase of the 0.2% proof stress by a factor of 2.5 
when compared to the initial RC condition.

Fig. 2. SXRD patterns of Ti-40Nb alloy after recrystallization annealing (RC) and after 
subsequent aging at 573 K for 3.6 ks (A3.6), 14.4 ks (A14.4), 28.8 ks (A28.8) and 108.0 
ks (A108.0).

Table 1 
Phase percentage and mean crystallite size of the ω phase determined from SXRD by 
the Rietveld method. 

ω phase percentage 
in wt%

mean ω crystallite size 
in nm

A3.6 9.9  ±  0.7 5.0  ±  0.5
A14.4 22.1  ±  0.8 8.6  ±  0.3
A28.8 24.4  ±  0.6 11.0  ±  0.5
A108.0 30.3  ±  0.7 12.6  ±  0.5

Fig. 3. (a) Bright field TEM image of the Ti-40Nb alloy in the recrystallized (RC) state, and the corresponding selected area diffraction pattern (inset). The beam is parallel to [001]β. 
(b) Dark field TEM image of Ti-40Nb alloy aged at 573 K for 108.0 ks (A108.0), and the corresponding selected area diffraction pattern (inset). The beam is parallel to [01-1]β.
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The strain values presented in Fig. 5(b) demonstrate that the 
uniform elongation (ue) derived by the Considére criterion [66] as 
well as the total elongation at fracture (et) are reduced by ωiso pre-
cipitates. In the RC state, Ti-40Nb reaches a uniform elongation of 
14.5% and an elongation at fracture of 26.8%. For the aged sample 
conditions, sample A14.4 shows the highest et (10.6%) and ue (19.7%) 
values. A lower aging time (A3.6) results in a significant reduction of 
both values to 7.1% and 16.0%, respectively. For aging times longer 
than 14.4 ks, et and ue decrease again to reach values of 10.3% and 
17.4%, respectively, at an aging time of 108.0 ks (A108.0).

The influence of the ωiso precipitation annealing time on the 
Young’s modulus is shown in Fig. 5(c). For the RC condition, a 
Young’s modulus of 63 GPa was determined. Even a short aging time 
of 3.6 ks results in a slightly increased Youngs’s modulus of around 
70 GPa (A3.6). Due to the growing phase fraction and crystallite size 
of ωiso, the Young’s modulus values of the alloy states increase fur-
ther with increasing aging time to values of 73 GPa (A14.4), 81 GPa 
(A28.8) and 96 GPa (A108.0).

3.3. Deformation microstructures

To investigate the active deformation mechanisms and the re-
sulting microstructural changes, EBSD and SXRD analyses were 
performed on the samples after tensile testing. The SXRD mea-
surements were conducted at the fracture tip of the samples and the 
results are depicted in Fig. 6. Clear reflections corresponding to the 
martensitic α’’ phase are identified for the RC and the A3.6 state after 
the tensile test. For the latter one the α’’ phase fraction was sig-
nificantly reduced to 21 wt% when compared to the RC state (99 wt 
%). SXRD patterns of the samples A14.4, A28.8 and 108.0 show only 
reflections belonging to the β and the ω phase and no reflexes cor-
responding to the martensitic α’’ phase were observed.

The microstructure of the samples after tensile tests is presented 
by EBSD measurements depicted in Fig. 7. To avoid mis-indexing 
caused by the pseudo-cubic symmetry of the orthorhombic α’’- 
martensite, the α’’ phase was also indexed as bcc β phase [37,67,68]. 
In the RC state, deformation twins of the β phase and α’’-lamellae are 
present in the microstructure of the alloy. The deformation twins are 
identified as {332} <  113  >  -twins and are characterized by a mis-
orientation of ∼50.5° around the <  110  >  -direction. Although the α’’ 
phase is not considered for indexing, α’’-lamellae can be identified 
by a misorientation angle of a few degrees to the surrounding matrix 
when indexed as β phase [37,67]. Furthermore, clear orientation 
gradients are visible within the deformed β grains and the 

Fig. 4. Engineering stress-strain curves of Ti-40Nb alloy after recrystallization annealing (RC) and after subsequent aging at 573 K for 3.6 ks (A3.6), 14.4 ks (A14.4), 28.8 ks (A28.8) 
and 108.0 ks (A108.0). a) Magnified view of the linear region. Red dashed lines correspond to the extrapolated linear elastic regions of the different sample states. b) Complete 
stress-strain curves.

Fig. 5. Mechanical properties of Ti-40Nb alloy after recrystallization annealing (RC; 
aging time = 0ks) and after subsequent aging at 573 K for 3.6 ks (A3.6), 14.4 ks (A14.4), 
28.8 ks (A28.8) and 108.0 ks (A108.0).
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deformation twins that can be traced back to dislocation slip and the 
resulting lattice rotation. The precipitation of the ωiso phase leads to 
a clear reduction of the amount and width of deformation twins 
with increasing aging time. For aging times longer than 14.4 ks 
(A28.8 & A108.0), no deformation twins were apparent along the 
whole cross-section area of the tensile samples. Also, no α’’ lamellae 
can be identified for aging times longer than 3.6 ks. Simultaneously, 
ωiso precipitates lead to localization of the plastic deformation 
during tensile testing. This becomes apparent from mostly parallel 
slip lines especially near grain boundaries and the slip of relatively 
large grain areas (see insets of Fig. 6(b) & (d)).

4. Discussion

The results of this study demonstrate that the mechanical 
properties of Ti-40Nb can be greatly influenced by ωiso precipitates 
generated by aging heat treatments. It is found that ωiso precipitates 
change the active deformation mechanisms of the Ti-40Nb alloy 
during tensile deformation. These findings will be discussed in detail 
in the following sections.

4.1. Altering the active deformation mechanism by ωiso aging

In β-type Ti alloys the active deformation mechanisms depend to 
a large extend on the β phase stability. While plastic deformation in 

stable β-type Ti alloys typically proceeds by dislocation slip, addi-
tional deformation mechanisms like deformation twinning and SIM 
formation are observed for alloys with a low β phase stability. Based 
on the bond order (Bo) - d-orbital energy level (Md) phase stability 
model (Bo = 2.869, Md =2.441 eV), and on the e/a ratio (e/a = 4.256), a 
low β phase stability can be concluded for Ti-40Nb [3,69].

The results of the microstructural observations after tensile tests 
(Fig. 6 & Fig. 7) reveal that the plastic deformation of Ti-40Nb in the 
RC state is carried by dislocation slip, {332} <  113  >  deformation 
twinning and stress-induced formation of α’’-martensite. This is in 
accordance with active deformation modes reviewed in literature for 
this alloy in the recrystallized or solution treated condition 
[3,8,11,33,70]. Depending on the aging time and therefore on the 
volume fraction and size of ωiso precipitates, a change of the active 
deformation mechanisms is observed in the current study. For an 
aging time of 3.6 ks (A3.6), the EBSD and SXRD measurements (Fig. 6
& Fig. 7), SEM images (Supplementary 1) and the still pronounced 
double yielding in the stress-strain curve (Fig. 4) verify that SIM 
formation is not completely suppressed by the formed ωiso pre-
cipitates. But the fraction of α’’-phase present in the deformed mi-
crostructure is significantly reduced from around 99 wt% to around 
21 wt% [3]. These results imply that depending on the size and phase 
fraction of the ωiso precipitates the formation of SIM is strongly in-
hibited. The clear increase of the 0.2% proof stress (by about 30%) 
that can be considered as the critical stress for SIM (σSIM) formation, 
confirms this behavior. Kim et al. [44,71] and Tahara et al. [63] also 
determined a significant rise of σSIM for binary β Ti-Nb alloys after 
applying similar aging treatments (T = 573 K, t = 3.6 ks). Furthermore, 
an increase of the critical stress for slip was observed in these stu-
dies, which is in accordance with the present ones. Two reasons for 
the influence of ωiso precipitates on the SIM formation can be con-
sidered according to literature. The formation of ωiso is thermally 
activated by a diffusive growth mechanism, whereby Nb atoms are 
rejected out of the ωiso phase [72]. As a result, the concentration of 
Nb in the surrounded β matrix is increased. With increasing Nb 
concentration, the β phase stability increases and the martensite 
start temperature is lowered, thereby σSIM is increased [71]. Lai et al. 
[37] demonstrated by atom probe tomography for Ti-25Nb-0.7Ta- 
2Zr (at%) that the suppression of SIM formation by ωiso cannot be 
explained only by the enrichment of β stabilizers in the β matrix. 
Rather, formation of SIM is also hindered by the ωiso precipitates 
themselves. The decisive factors for this are the homogeneous and 
dense distribution of ωiso precipitates in the β matrix and the much 
higher shear modulus on the {1120} planes when compared to C
(shear modulus along {110} 110 ) [38]. These conditions suppress 
the long-range formation of SIM by impeding the necessary shuffle 
of {110} planes along 110 directions. This competition and sub-
sequent superposition between the two mechanisms makes it 
challenging to resolve the most dominant factor that influences the 
deformation behavior. However, it can be stated that both me-
chanisms are enhanced with increasing aging time, which corre-
sponds with the increase of the size and phase fraction of ωiso 

precipitates that was detected by Rietveld refinement (Table 1).
Thus, for an increased aging time of 14.4 ks (A14.4) the ω fraction 

increased to around 22 wt% and SIM cannot be detected in the de-
formed microstructure of Ti-40Nb by EBSD, SXRD and SEM imaging 
(Fig. 6, Fig. 7 & Supplementary 1). For the stress-strain curves, still a 
slight deviation from the linear elastic behavior is visible (Fig. 4(a)). 
An early onset of the plastic deformation can be excluded, as 
loading-unloading experiments until a tensile strain of 1% (σmax ≈ 
650 MPa) have clarified, that a complete reversibility of the de-
formation is observed (Supplemental 2). Such an abnormal pseudo- 
elastic behavior is described for cases where high amounts of oxygen 
are intentionally added to β-type Ti alloys [33,45,73,74]. In this case, 
a long-range martensite formation is suppressed by nano-sized lat-
tice modulations of the β phase, that are induced by the interstitial 

Fig. 6. SXRD patterns of the tensile tested specimen of Ti-40Nb alloy after re-
crystallization annealing (RC) and after subsequent aging at 573 K for 3.6 ks (A3.6), 
14.4 ks (A14.4), 28.8 ks (A28.8) and 108.0 ks (A108.0).
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oxygen atoms. The non-linear elastic behavior that is observed in the 
current study for ωiso aged Ti-40Nb states might therefore be a result 
of the ωiso precipitates acting as obstacles for a long-range marten-
site formation. With increasing aging time and thus increasing vo-
lume fraction of ωiso, the deviation from the linear elastic behavior 
becomes smaller and for t = 108.0 ks (A108.0) a complete linear 
elastic behavior occurs for Ti-40Nb (Fig. 4).

The ωiso annealing has also an effect on the activation of 
{332} <  113  >  deformation twinning [27,37,39,74,75]. As obvious 
from Fig. 7, the amount and thickness of twins is clearly reduced 
with increasing size and phase fraction of the ωiso precipitates and 
for the samples A28.8 and A108.0 deformation twinning is com-
pletely suppressed. As with SIM formation, the influences of ωiso 

precipitates acting as barriers and of the enrichment of the β matrix 
with the β stabilizer Nb are hard to distinguish. Studies on the de-
formation behavior of binary Ti-Nb alloys showed that alloys with 
Nb contents higher than 41–42 wt% deform exclusively by slip at 
room temperature [27,39,74]. Hence, a small Nb enrichment of the β 
matrix of 1–2 m.% can already suppress deformation twinning in Ti- 
40Nb. However, for the 3.6 ks aged specimens (A3.6), some of the 
observed deformation twins do not propagate through the entire 
grain, but are stopped within the grain, as shown in Fig. 7(b). This 
indicates a barrier effect of ωiso precipitates on the twin propagation 
in Ti-40Nb that was also observed by Sun et al. for a ωiso aged Ti- 
12Mo alloy [75].

In β-type Ti alloys deformation twinning and SIM formation can 
be accompanied by the stress-induced formation of the ω phase 
[34,35]. For the RC sample, which showed the highest amount of 
deformation twinning and SIM formation, the stress-induced ω 
phase could not be detected in the deformed microstructure by 
means of SXRD.

The deformation behavior of Ti-40Nb by dislocation slip is also 
altered by the formed ωiso precipitates. Several authors have de-
scribed a localization of the plastic flow in β-type Ti alloys when ωiso 

precipitates are present in the microstructure [37,38,48,49,50]. 

Thereby, dislocation slip is limited to a series of ω-devoid channels 
that are formed by cutting the ω precipitates through dislocations 
leading to a back transformation of the ω phase to the β phase 
[37,48]. Due to the depletion of ω precipitates, these channels be-
come easy paths for the further dislocation movement and a loca-
lization of the plastic flow in these channels occurs [8,37]. First 
indications for a localization of the plastic flow in Ti-40Nb can al-
ready be distinguished in some grains after an aging time of 3.6 ks 
(A3.6; inset Fig. 7(b)), which corresponds to a ωiso fraction of around 
10 wt%. As a result of the localized dislocation movement, step like 
structures are visible at the grain boundaries. For aging times of 14.4 
ks (A14.4) and longer (A28.8 & 108.0), these steps are evident at 
most grain boundaries after the tensile tests (Fig. 7, 
Supplementary 1).

4.2. The effect of ωiso aging on the mechanical properties

The active deformation mechanisms of β-type Ti alloys have a 
great influence on their mechanical properties. Therefore, by altering 
these mechanisms through ωiso precipitation, the mechanical prop-
erties of Ti-40Nb are greatly changed.

The initial RC state of Ti-40Nb has a relatively low 0.2% proof 
stress of 315 MPa and a moderate UTS of around 500 MPa. This is in 
good accordance with the values reported for single β-phase Ti- 
(40−45)Nb alloys (0.2%YS: 315–475 MPa; UTS: 480–500 MPa) [3,11]. 
The reason for the low 0.2% proof stress is the already described 
formation of SIM during mechanical loading. Recent investigations 
on this specific alloy state have proven that the critical stress for SIM 
formation and martensite stabilization is substantially lower under 
fatigue loading conditions (R = −1) [8,11]. This behavior can lead to a 
residual deformation of the material even for stresses which are 
significantly below the 0.2% proof stress. For a possible application of 
the β-type Ti-40Nb alloy as load-bearing implant material, SIM for-
mation must be avoided.

Fig. 7. Microstructure of Ti-40Nb after tensile tests obtained from EBSD measurements. Crystallographic orientation maps superimposed with the band contrast: (a) 
Recrystallized condition (RC) and conditions aged at 573 K for (b) 3.6 ks, (c) 14.4 ks, (d) 28.8 ks and (e) 108.0 ks. The image width of the insets in (b) and (d) is 25 µm.
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On the other hand, SIM formation of α’’ contributes to the uni-
form elongation (eu) and increases the plasticity due to the trans-
formation induced plasticity (TRIP) effect. The strain induced by the 
β → α’’ transformation in Ti-40Nb can be calculated from the lattice 
parameters of the α’’ and the β phase [33,44]. Based on the lattice 
parameters determined by Bönisch et al. [76], the maximum trans-
formation strain of 2.5% occurs along the <  110  > β-direction for Ti- 
40Nb. For a non-textured polycrystalline Ti-40Nb sample it can 
therefore be assumed that the overall contribution of SIM to the total 
strain is significantly lower. Besides the SIM α’’ formation, also de-
formation twinning contributes to the uniform elongation and to et. 
Zhou et al. [77] calculated the contribution of primary 
{332} <  113  >  -twinning of different crystal orientations to the 
macroscopic plastic deformation. For β Ti crystals, depending on 
their orientation, maximum strains between 9.0% ([001]ß orienta-
tion) and 19.2% ([122]ß orientation) can be realized. For a poly-
crystalline β Ti sample, Lai et al. [37] estimated a maximum 
deformation strain of 12.84%. Therefore, it can be concluded that the 
contribution of deformation twinning to the plastic deformation is 
higher than that of the SIM formation in Ti-40Nb.

Both deformation mechanisms are significantly suppressed after 
the aging treatment at 573 K for 3.6 ks (A3.6) due to the ωiso for-
mation (around 10 wt%). Furthermore, localization of the plastic flow 
in terms of dislocation channels occurs in some grains and limited 
stress concentration, especially at the grain boundaries occurs. As a 
result, et and ue are considerably reduced for the aged sample A3.6, 
as shown in Fig. 5. Interestingly, et and ue increase again for a 
holding time of 14.4 ks (A14.4) until ue stays nearly constant (A28.8) 
and et decreases again with increasing holding time (A108.0). This 
behavior has not yet been observed for ωiso aged β-type Ti alloys, but 
for ß-type Ti alloys to which oxygen was intentionally added [46]. 
The low ue of the sample A3.6 can thus be explained by the in-
homogeneous development of dislocation channels in the micro-
structure, leading to a local stress concentration at the grain 
boundaries and early crack initiation in these regions. For longer 
aging times, the density of dislocation channels is increased, and the 
deformation localization is more homogenously distributed over the 
sample. Since different slip systems are activated for one grain, 
dislocation channels intersect with each other. The interaction of the 
dislocations with multiple slip systems results in an increased work- 
hardening rate, so that necking of the sample occurs later and ue 

increases. This behavior is observed for samples aged for 14.4 ks to 
108.0 ks (A14.4, A28.8, A108.0).

From the summary of the mechanical properties (Fig. 5) it is 
obvious that precipitates of the ωiso phase are effective to increase 
the critical stress for dislocation slip. For an aging time of 108.0 ks 
(A108.0), a 0.2% proof stress of around 900 MPa was achieved. This is 
twice as high as the value of the RC state and it is comparable with 
the strength values of the benchmark alloy Ti-6Al-4 V 
(830–950 MPa) [4]. Due to the significant fraction of ωiso phase 
present after the long aging time, the Young’s modulus is also sig-
nificantly increased to about 95 GPa. This is still about 10% less than 
that of Ti-6Al-4 V (E = 115 GPa). With regard to the defined goal for 
implant applications, i.e. a balanced ratio of low Young’s modulus 
and higher 0.2% proof stress, a final low temperature aging time at 
573 K of 14.4 ks corresponding to sample state A14.4 appears to be 
most promising. Thereby, in comparison to the starting re-
crystallized RC state only a small increase of the Young’s modulus of 
10 GPa to E = 73 GPa occurred, but the 0.2% proof stress could be 
more than doubled from 315 MPa (RC) to 640 MPa (A14.4). This 
processing state is also superior compared to our previous finding 
regarding the thermomechanical processing of the Ti-40Nb alloy [3]. 
In this study we were able to reach similar UTS values 
(650–675 MPa) by a combination of cold-rolling (36%) and additional 
α-phase aging, but with a significant lower elongation at frac-
ture (∼7%).

5. Conclusion

In this study, the influence of ωiso precipitates, obtained by aging 
heat treatments at 573 K for durations up to 108.0 ks on the active 
deformation mechanisms and the mechanical properties of the β- 
type Ti-40Nb alloy were revealed. For an initial recrystallized sample 
state, comprising a single β phase microstructure, stress-induced 
martensite (SIM) formation, {332} 113 twinning and dislocation 
slip were observed under tensile loading. As a result of SIM and 
deformation twinning, only a low 0.2% proof stress of 315 MPa but a 
high elongation of 26.2% could be achieved for this condition. The 
precipitation of the ωiso phase resulted in an increased suppression 
of SIM and deformation twinning with increasing aging time. For 
aging times longer than 3.6 ks SIM could not be detected in the 
deformed microstructure by XRD and EBSD. Deformation twinning 
was completely suppressed for aging times longer than 28.8 ks. 
Furthermore, the 0.2% proof stress of the alloy was significantly in-
creased to around 900 MPa by ωiso precipitates when the alloy was 
aged for 108.0 ks. Due to the high intrinsic Young’s modulus of the ω 
phase, also the Young’s modulus of the alloy was significantly in-
creased up to 95 GPa after such long aging times.

With regard to application as new bone implant material, a ba-
lanced ratio of a low Young’s modulus of E = 73 GPa and higher 0.2% 
proof stress of 640 MPa was achieved after an aging time of 14.4 ks.
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